Evaluated activity and osmotic coefficients for aqueous solutions: Bi-univalent compounds of zinc, cadmium, and ethylene bis(trimethylammonium) chloride and iodide
Introduction
This is the first in a series of documents that describe some of the sources of values of thermodynamic properties of materials and systems that are essential in the calculation and prediction of environmental fates of particular materials and environmental remediation technologies. Also essential in the environmental arena is the determination of ''risk'' ͑93CAR͒. A risk analysis incorporates validation of the data being used in calculations and in decision-making processes. The present series of documents contain information required to assess the reliability of values calculated from some environmental simulations.
Many believe these thermodynamic properties are well enough known that such calculations, for example calculation of the aqueous concentration of cadmium in an aquifer, are primarily an exercise in numerical analysis. This belief has been fostered, perhaps, by the large number of ''data evaluations'' and/or compendia that list thermodynamic properties of these substances and the observation that these values are almost always nearly identical. However, many of these sources of thermodynamic information merely repeat ''evaluated'' thermodynamic information gleaned from other literature sources rather than having examined the measurements that might have led to the thermodynamic properties. As an example, both 78ROB/HEM and 84PAN cite the NBS Tables ͑68WAG/EVA͒ as a source for some of the thermodynamic properties they gave for compounds and minerals containing cadmium. Indeed, the number of ''thermodynamic property evaluations'' for many individual cadmium compounds far outnumber the thermodynamic measurements upon which they are based. This was recently and ably demonstrated for cadmium carbonate ͑otavite͒ by 93STI/PAR. They showed, in their Fig. 1 , the existence of a large number ͑28͒ of ''data evaluations,'' most of which were directly or indirectly traceable to only a very small number ͑4͒ of actual thermodynamic measurements for crystalline cadmium carbonate ͑counting the CdCO 3 decomposition studies as one study͒. Furthermore, the few direct examinations of the thermodynamic measurements often did not describe the measurements examined and/or how the ''evaluated'' thermodynamic properties were obtained from those measurements. For example, all of the ⌬ f H values for CdCO 3 ͑cr͒ arose from a measurement reported in 1883, but one is not told this in the thermodynamic property compendia.
The existence of a large number of compendia reporting similar values, combined with the absence of critical examinations of the foundations of these compendia, have led to a widespread, but mistaken, impression that sufficient knowledge exists of the thermodynamic properties of toxic metals released or redistributed in the environment.
A heavily mentioned source of thermodynamic property values, the NBS Tables, was cited above ͑68WAG/EVA, 82WAG/EVA͒. These values were not documented as to source and methodology. The present series of articles describe, as best as can be discerned, how those values were determined. The present series of articles include not just the measurements and pathways used, but also itemize the measurements considered, but not used, by Wagman et al. The present document should not be cited as a source for thermodynamic property values from either 68WAG/EVA or from 82WAG/EVA; values from those sources should be cited as being from those sources, even if the individual doing the citing has corrected an arithmetic error contained in those values based on information contained in this document. Finally, the articles detail relevant measurements that have appeared in the literature since the time the NBS Tables values were prepared.
The documentation and investigation of the methods used by Wagman et al. have been prompted, in large part, by creation of a new investigation of some of these properties at NIST and, in lesser part, by difficulties encountered by current NIST staff in response to requests for information from the technical community. Our examinations have identified arithmetic errors affecting the tabulated values, as well as errors in the processing of the measured values.
The organization of the current series of articles is as follows. Under each substance described will be six sections. The first section, A, will describe the methodology and the measurements that led to the value given in the NBS Tables. This information was kept on loose papers, ''worksheets,'' that have been kept in file cabinets at NIST. Not all of the ''worksheets'' were equally understandable. As such, we have not been able to discern sources for all values; sometimes the worksheets have been too cryptic to be understood. This also applies to some of the auxiliary values; many of these were not listed on the worksheets. Tracing all auxiliary values ͑osmotic coefficients, saturation molalities, etc.͒ and in many cases making assumptions from where they may have come did not seem a wise investiture of resources. Therefore, the sources of these values were not guessed if they were not identified on a worksheet. The second section, B, contains comments by the author of the article regarding the methodology used in generation of the NBS Tables values. In section B, such things as arithmetic errors, erroneous auxiliary values that might have been used, etc., will be identified. Section C details the auxiliary substances required to obtain the NBS Tables thermodynamic property values for the title substance. The measurements examined by the NBS Tables staff, but not used in their final assessment, are described in section D. Section E describes more recent measurements that could lead to thermodynamic property values. Other evaluations or compendia of thermodynamic properties of the substances are not listed in this section, regardless of quality. This is due to the large number of such evaluations ͑vide supra͒. Finally, references are given within section F for each title substance.
It is not always clear-cut for which substance one might place some of the new measurements in a document such as this. Thus, one reader might consider inclusion of, say, osmotic coefficient measurements for aqueous cadmium chloride underneath Cd 2ϩ ͑aq͒ as correct, whereas another might consider entry under CdCl ϩ ͑aq͒ to be more correct. We choose not to involve ourselves with that level of minutiae.
Considerations Concerning Cadmium Compounds
Cadmium poses health concerns at very low levels of ingestion or inhalation. Ongoing federal regulations concern anthropogenically caused cadmium concentrations in the workplace and in the environment. Large natural deposits of cadmium minerals are primarily limited to forms of cadmium sulfide ͑CdS͒, e.g., greenockite, Hawleyite, and xanthochroite, and one significant-sized deposit of otavite, CdCO 3 , located in Africa. Other mineral forms of cadmium are generally found in deposits of other metals. Cadmium is recovered commercially from ore processing and is found in the tailings from zinc, copper, and lead mineral deposits. Runoff from tailings-piles can potentially contaminate ground water and surface water. Commercially, cadmium is found in batteries and solders, is used in electroplating and fission control, and is also used as a pigment and in phosphors. Thus, cadmium might be found at low levels in solidwaste streams intended for incineration, either as simple waste elimination or as fuel in waste-to-energy facilities.
Cadmium ions dissolved in water are strongly precipitated by hydroxide and by carbonate ions. However, these precipitation mechanisms are significantly dependent on imposed or natural conditions. For example, the solubility of cadmium hydroxide in water changes by two orders of magnitude for every unit change in pH. Otavite solubility depends on pH and on CO 2 partial pressure. Further complicating the impact of cadmium on the environment is the ready ability of cadmium to substitute for calcium in crystal lattices, thus resulting in such substitution in calcite-containing formations.
Some of the values given in the NBS Tables for the cadmium compounds, discussed below, were found to have been miscalculated. This is unfortunate as some of these values have been used in calculation of thermodynamic properties of other, more complex cadmium-containing compounds.
It is also worth noting that heavy use of Cd͑Hg͒ amalgam electrodes was made in determining the thermodynamic 916 916 DONALD G. ARCHER
properties of Cd 2ϩ ͑aq͒ and some of the other species. Hence, most of the tabulated Gibbs energies of formation of cadmium-containing compounds ultimately contain within their pedigree the Gibbs energy of the reaction, Cd͑cr͒ϩHg͑l͒ϭCd͑Hg, two-phase͒. Yet, there are very few measurements, most old, of this reaction in the literature. The problem of validating reliability has been exacerbated by not describing this weak link. As an example, the CO-DATA Key Values for Thermodynamics ͑89COX/WAG͒ does not mention the thermodynamic properties of cadmium amalgam, but includes the aqueous cadmium ion as a key species. In their description of the source of their properties for aqueous cadmium ion, they stated ''⌬ f G°was calculated from the electromotive forces ͑emfs͒ of the following types of cells containing Cd/Cd 2ϩ electrodes.'' But this was not really true, almost all of the cell measurements involved amalgam cells, not cadmium metal cells. 89COX/WAG had to use some value for the generation of the amalgam reaction and they did not inform the reader of the value or its basis. One can easily argue that because the thermodynamic properties of Cd 2ϩ ͑aq͒ were determined primarily from the thermodynamic properties of cadmium amalgams, the cadmium amalgams are more ''key'' than Cd 2ϩ ͑aq͒ and should have been included in the Key Values.
There is no doubt that cadmium forms complexes in solution. However, the only evidence of some of the complexes that have been reported in the literature was their inclusion in the representation of a set of thermodynamic measurements. The author invokes the principle that a set of thermodynamic measurements can be supportive of more than one set of complexation assumptions, particularly when one can tinker with nonideality models in the process. It is possible that some of the aqueous species described below are fictitious and are nothing more than a fitting parameter. They have nonetheless been included because they were included in 82WAG/EVA and the reader can judge for himself. The author makes no claim in this article regarding the usefulness of the reported aqueous species.
The present document is relevant to the origin of values from both 68WAG/EVA and 82WAG/EVA. The 82WAG/ EVA values are slightly different than the 68WAG/EVA values because the former chose to tabulate values relative to 1 bar standard pressure, whereas the latter chose 1 atm. The effect of this small pressure difference on the tabulated values is described in 82WAG/EVA. The specific calculations in the following pages should give the numerical values in 68WAG/EVA, rather than those in 82WAG/EVA. This is because the worksheets correspond to the 1 atm standard pressure.
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Cd"cr…

A. Selected Values, NBS Tables
The NBS Tables list two forms of •mol Ϫ1 for Cd͑␣, cr͒. This value was consistent with measurements from 34PAR/LAM.
B. Comments
No examination of the thermal property measurements for the ␥ phase appeared to have been made. No explanation was found for the differences between the tabulated values and the values on the worksheets for the entropy and the heat of formation of the ␣ phase.
C. Auxiliary Values Required for Data Pathway
⌬ f G°͓Cd͑Hg͔͒
D. Other Thermodynamic Measurements Considered
The emf for the Cd͑Hg͒ϭCd͑␥,cr͒ cell was supported by the measurements from 34PAR/LAM on a similar cell.
E. More Recent Determinations of the Thermodynamic Properties of Cd"cr…
69CET/HOL reported measurements of heat capacity from 1 to 30 K. 
F. Bibliography
Cd 2؉ "aq…
A. Selected Values, NBS Tables
The entropy of Cd 2ϩ ͑aq͒ was obtained as the average of three values. The first was obtained from the combination of a heat of solution measurement of CdSO 4 ͑cr͒ and an entropy determination for the same, both from 55PAP/GIA, and values of the solubility and activity coefficient at saturation. The worksheets indicated these values ͑some unspecified͒ gave an entropy of Cd 2ϩ ͑aq͒ of Ϫ73.39 J•K Ϫ1
•mol Ϫ1 ͑Ϫ17.54
•mol Ϫ1 ) was obtained from the entropy of CdCl 2 ͑cr͒ from 59ITS/STR, the enthalpy of the solution of CdCl 2 ͑cr͒ from 1887PIC, the enthalpy of dilution measurements from 42ROB/WAL, vapor pressure measurements, an aqueous solubility and an activity coefficient of saturated CdCl 2 ͑aq͒. The source of the latter three was not given, but probably corresponds to values described under CdCl 2 ͑cr͒; refer to Sec. 4. A third value,
•mol Ϫ1 ), was listed as having been determined from decomposition pressure, heat of solution ͑30ISH/UED, item 9 in section D below͒, an aqueous solubility value, a saturated solution activity coefficient and an entropy for CdBr 2 ͑cr͒. Sources and values for these were not present on the worksheets. The unweighted average of the three values was Ϫ73.
. The ⌬ f G°of Cd 2ϩ ͑aq͒ appears to have been taken from an average of 18 different values obtained from measurements on the sulfate, chloride and bromide, and 10 of the 18 were counted twice for the average. The 18 values were:
1. The 31LAM/PAR measurements for the electrochemical cell: The average of the 18 values given above was taken, with the values from items 1, 2, 4, 5, 6, 7, 8, 12, 13, and 15 counted as occurring twice in the average. The result was ⌬ f G°͓Cd 2ϩ ͑aq͔͒ϭϪ77.57 kJ•mol Ϫ1 ͑Ϫ18.54 kcal•mol Ϫ1 ͒.
The enthalpy of formation was calculated through the usual manipulation of the Gibbs energy and entropy of formation.
B. Comments
The items listed above were chosen from a larger list of values. Why these particular items were chosen was not detailed. The three values averaged for the entropy of Cd 2ϩ ͑aq͒ were ͑Ϫ73.4, Ϫ75.3, and Ϫ71.1͒
•mol Ϫ1 value was calculated from measurements for CdCl 2 ͑aq͒ which included an enthalpy of solution value, Ϫ19.22 kJ•mol Ϫ1 ; this value was indicated as being obtained from 1887PIC ͑item 12 section D͒. The two measured values from 1887PIC were significantly different from the values determined by 1882THO and 17COH/BRU. The latter two values were in good agreement with each other, particularly if a reasonable value of the heat capacity of the reaction is used ͑see items 12-15 in section D͒. If the same pathway for calculation of the entropy of CdCl 2 ͑aq͒ is used, with the exception of the substitution of the 1882THO and 17COH/BRU values for the apparently less accurate 1887PIC value, and using the better value of ⌬ r C p , then the entropy for Cd 2ϩ ͑aq͒ is calculated to be Ϫ73.3 J•K Ϫ1
•mol Ϫ1 . An explanation for neither the value Ϫ19.22 kJ•mol Ϫ1 nor the choice of values from 1887PIC over the others was found. The words of 1887PIC regarding his own measured values for cadmium chloride samples, both fused and dried at 473 K, may have some value:
͑The values͒ can only be regarded as approximations; for, on the one hand, it was found impossible to dehydrate the salt completely without fusion, while, on the other, fusion was impossible without a certain amount of decomposition ͓the specimen No. 2 ͑fused salt͒ contained 0.5% of oxide͔.
However, the agreement of the enthalpy of solution measurements of 1882THO and 17COH/BRU for CdCl 2 ͑cr͒ would suggest that either the salt does become anhydrous at some temperature, or that it reaches some very reproducible value of water content.
A second source of error also exists in the entropy of Cd 2ϩ ͑aq͒ calculated from the cadmium chloride system. This effect is an apparent arithmetic error in the calculation of the Gibbs energy of solution of CdCl 2 ͑cr͒ and is explained in the description of values for CdCl 2 ͑cr͒. Calculating the entropy of Cd 2ϩ ͑aq͒ from the same pathway but correcting that error then gives S°͓Cd 2ϩ ͑aq͔͒ϭϪ71.0 J•K•mol Ϫ1 . The three selected values then become ͑Ϫ73.4, Ϫ71.0, and Ϫ71.1͒ J•K Ϫ1
•mol Ϫ1 with an average value of Ϫ71.8 J•K Ϫ1 •mol Ϫ1 and ϭ1.4 J•K Ϫ1
•mol Ϫ1 . The difference of this average value from that tabulated (1.4 J•K Ϫ1
•mol Ϫ1 ) corresponds to approximately 400 J•mol Ϫ1 in the enthalpy of formation of Cd 2ϩ ͑aq͒. 
C. Auxiliary Values Required for Data Pathway
. Note: The heat capacity value for the reaction may be inaccurate. Using C°p , values for Cd 2ϩ ͑aq͒, Br Ϫ ͑aq͒, and an estimate of C p, ϪC°p , obtained from the apparent molar enthalpy values given by 42ROB/WAL for 288.15 and 298.15 K gives ϳϪ117 J•K Ϫ1
•mol Ϫ1 for the contribution from the aqueous species, a DuLong-Petit estimate for CdBr 2 ͑cr͒ is ϳ70 J•K Ϫ1
•mol Ϫ1 and the transfer of 4 moles of water from hydrate to liquid contributes ϳ4•(75-43) J•K Ϫ1
•mol Ϫ1 , giving a heat capacity of the reaction of approximately Ϫ59 J•K Ϫ1
•mol Ϫ1 , rather than ϩ21 J•K Ϫ1
•mol Ϫ1 . Using this value of the heat capacity of the reaction,
•mol Ϫ1 . 9. 30ISH/UED measured the enthalpy of solution of the tetrahydrate of CdBr 2 ͑cr͒ in sufficient water to yield CdBr 2 ͑400 H 2 O͒: •mol Ϫ1 , calculated from information given in item 8 of this section, the 298.15 K heat of solution would be Ϫ3.157 kJ•mol Ϫ1 and ⌬ sol H°ϭϪ2.772 kJ•mol Ϫ1 . The enthalpy of solution value from 1882THO is in very good agreement with the later value from 30ISH/UED, the differenceϭ30 J•mol Ϫ1 , and is not ''low.'' 12. 1887PIC measured the enthalpy of solution of CdCl 2 ͑cr͒ in sufficient water to yield CdCl 2 ͑400 H 2 O͒:
For this calculation the worksheets indicated the heat capacity of the reaction was Ϫ117 J •mol Ϫ1 , can be obtained as follows. C°p , values for Cd 2ϩ ͑aq͒ and Cl Ϫ ͑aq͒ can be combined with an estimate of C p, ϪC°p , obtained from the apparent molar enthalpy values given by 42ROB/WAL for 288.15 and 298.15 K to obtain ϳϪ140 J•K Ϫ1
•mol Ϫ1 for the heat capacity contribution from the aqueous species. The heat capacity of CdCl 2 ͑cr͒ is ϳ75 J•K Ϫ1
•mol Ϫ1 and hence the heat capacity of the reaction is approximately
13. 1887PIC measured the enthalpy of solution of fused CdCl 2 ͑cr͒ in sufficient water to yield CdCl 2 ͑400 H 2 O͒: •mol Ϫ1 . We note previous enthalpy of solution measurements for NaCl͑aq͒ were discordant from others by about 5% ͑92ARC͒.
79LON/MUS reported potential measurements for cadmium amalgam cells against silver chloride cells for varying compositions of cadmium in the amalgam. After combination of these values with measurements by others, they arrived at ''⌬G°''ϭϪ77.580Ϯ0.050 kJ•mol Ϫ1 , ''⌬H'' ϭϪ73.580Ϯ0.050 kJ•mol Ϫ1 and ''⌬S°''ϭϪ65.40 Ϯ0.17 J•K Ϫ1
•mol Ϫ1 for Cd 2ϩ ͑aq͒. The author believes the first two to be formation properties and the latter was not for a change in entropy for a reaction but was actually S°referred to S°͓H ϩ ͑aq͔͒ϭ0. Thermodynamic property values were also given for Cd͑Hg͒. 89VIS 
The Gibbs energy of solution, ⌬ sol G°, was then calculated 
⌬ f G°͓Cd 2ϩ ͑aq͔͒; ⌬ f G°͓Cl Ϫ ͑aq͔͒ S°͓Cl 2 ͑g͔͒; S°͓Cd͑cr͔͒.
D. Other Thermodynamic Measurements Considered
Other thermodynamic measurements considered but not used for this substance can be found in section D for the species Cd 2ϩ ͑aq͒; refer to section 3. Ϫ 
E. More Recent Determinations of the
(⌬ f G°Ϫ⌬ f H°)/͑298.15͒ϩS°(Cd)ϩS°͓Cl 2 ͑g͔͒ ϩ S°͓H 2 ͑g͔͒ ϩ 0.5S°͓O 2 ͑g͔͒ ϭ167.8 J•K Ϫ1 •mol Ϫ1 ͑40.1 cal•K Ϫ1 •mol Ϫ1 ͒. B.
C. Auxiliary Values Required for Data Pathway
S°͓Cl 2 ͑g͔͒; S°͓H 2 ͑g͔͒; S°͓O 2 ͑g͔͒; S°͓Cd͑cr͔͒.
D. Other Thermodynamic Measurements Considered
None. They obtained ⌬ f G°͓CdCl 2 •2.5H 2 O͑cr͔͒ as an average of six values that are described under the entry for Cd 2ϩ ͑aq͒, in items 4, 7, 8, 9, and 10 of section A and item 2 of section D.
E. More Recent Determinations of the
The average was ⌬ f G°͓CdCl 2 •2.5H 2 O͑cr͔͒ϭϪ944.094 kJ•mol Ϫ1 ͑Ϫ225.644 kcal•mol Ϫ1 ͒.
The entropy of CdCl 2 •2.5H 2 O͑cr͒ was obtained from
B. Comments
In the enthalpy of formation calculation, ⌬ f H°͓CdCl 2 ͑cr͔͒ was used. This value contained an arithmetic error ͓see Comments for CdCl 2 ͑cr͒, section 4͔. Using ⌬ f H°͓CdCl 2 ͑cr͔͒ without the arithmetic error, Ϫ390.88 rather than Ϫ391.497 kJ•mol Ϫ1 , the values for ⌬ f H°, and S°would be: •mol Ϫ1 , using the same measurements and calculational pathway.
Additionally, there is a question of thermodynamic consistency that arises due to the use of the enthalpy of solution of CdCl 2 ͑cr͒ from 17COH/BRU. The value obtained from 17COH/BRU is not that obtained from ⌬ f H°͓Cd 2ϩ ͑aq͔͒ ϩ2⌬ f H°͓Cl Ϫ ͑aq͔͒Ϫ2⌬ f H°͓CdCl 2 ͑cr͔͒, where the ⌬ f H°v alues would be those tabulated, followed by adjustment of the temperature. The 17COH/BRU enthalpy of solution is also different than that from 1887PIC used in the analogous calculation for CdCl 2 •H 2 O͑cr͒ ͑Ϫ12.933 kJ•mol Ϫ1 vs Ϫ13.435 kJ•mol Ϫ1 , respectively͒.
C. Auxiliary Values Required for Data Pathway
D. Other Thermodynamic Measurements Considered
See Cd 2ϩ ͑aq͒ items, in section 3, under section for other determinations of ⌬ f G for CdCl 2 •2.5H 2 O͑cr͒. Finally, the worksheet indicated that the entropy of CdCl ϩ ͑aq͒ was calculated to be 43.5 J•K Ϫ1
E. More Recent Determinations of the
•mol Ϫ1 (10.4 cal•K Ϫ1
•mol Ϫ1 ).
B. Comments
An arithmetic error was made in the calculation of the average for ⌬ f G°; it should have been Ϫ52.63, not Ϫ53.63 kcal•mol Ϫ1 . Correction of the mathematical error gives ⌬ f G°ϭϪ220.20 kJ•mol Ϫ1 , 4.18 kJ•mol Ϫ1 different. The net effect of the error is to increase the equilibrium constant by a factor of 5 from ϳ100 to ϳ500. No reason was given for the particular choice of enthalpy of reaction. Completing the calculation gives
Finally, it should be noted that the equilibrium constant is not large and so the thermodynamic properties for the association reaction are model dependent. Choices of values from different models and averages over models were performed. Perhaps relevant is the comment made by 70REI/STO after examining their values and those of others for speciation of Cd-Cl complexes. From 70REI/STO, ''The only conclusion possible . . . is that the degree of complexing in the cadmium chloride system varies with the author . . . .''
C. Auxiliary Values Required for Data Pathway
⌬ f G°͓Cd 2ϩ ͑aq͔͒; ⌬ f G°͓Cl Ϫ ͑aq͔͒ ⌬ f H°͓Cd 2ϩ ͑aq͔͒; ⌬ f H°͓Cl Ϫ ͑aq͔͒ S°͓Cl 2 ͑g͔͒; S°͓Cd͑cr͔͒.
D. Other Thermodynamic Measurements Considered
Several other values were listed in 64SIL/MAR but were considered no further. No explanation was given why particular values were chosen.
Although included in 64SIL/MAR, special note is made here of a potentiometric study by 53VAN/DAW. They measured the potentials of concentration cells with liquid junctions and cadmium amalgam electrodes. The measurements, not reported, were made at different temperatures and different ionic strengths. They were used as a basis for treatment of measurements described in section E, below.
E. More Recent Determinations of the Thermodynamic Properties of CdCl ؉
"aq… 70PRO/WUL measured the enthalpy of reaction of an uncharacterized sample of CdOϩCd͑OH͒ 2 ϩ␥-Cd͑OH͒ 2 with an aqueous mixture of HCl and HClO 4 . The measurements were made with five different compositions of the acid mixture. From combination of these measurements with equilibrium constant values reported by 53VAN/DAW, and various convoluted methods for nonideality effects, they calculated the standard enthalpy of reaction of with varying values of m 1 and m 2 at 298.15 K. From their measurements they extracted stability constants for the four complexation reactions including Eq. ͑1͒. Activity coefficients were taken to be functions of ionic strength with adjustable parameters determined in the representation of the measured values. The equilibrium constant they obtained for Eq. ͑1͒ was 85Ϯ1, yielding a Gibbs energy of reaction of Ϫ11.01Ϯ0.03 kJ•mol Ϫ1 . 92SCH/SCH measured the enthalpy of dilution of CdCl 2 ͑aq͒ with a commercial small-celled batch-mixing calorimeter. The dilutions involved an initial molality of approximately 1 mol•kg Ϫ1 and final molalities ranging from 0.8 to 0.1 mol•kg Ϫ1 . They were able to represent the enthalpies of dilution with an ion-interaction equation and without the assumption of formation of any Cd-Cl complexes in solution.
90STO measured potentials of electrochemical cells with and without transference. His measurements led to activity coefficients for CdCl 2 ͑aq͒ at 0.1, 1.0, 2.0, 3.0, and 6.0 mol•kg Ϫ1 . They confirm solute activity coefficients obtained from earlier isopiestic molality determinations. Cation transference numbers were also obtained.
85RAR/MIL measured isopiestic ratios of CdCl 2 ͑aq͒ against NaCl͑aq͒ for molalities from ϳ1.8 to ϳ7.3 mol•kg Ϫ1 and for 298.15 K. Diffusion coefficients were also determined. 68PAN/NI measured isopiestic molalities of cadmium chloride ͑molalities from 0.183 to 5.881 mol•kg Ϫ1 ͒ relative to potassium chloride.
66HUA/PAN measured freezing point depressions of aqueous cadmium chloride for molalities from 0.0056 to 0.0943 mol•kg Ϫ1 . From these measurements they estimate an equilibrium constant for Eq. ͑1͒ at 273.15 K to be 74Ϯ5. Finally, the worksheet indicated the entropy of CdCl 2 ͑aq͒ was calculated to be 121.75 J•K Ϫ1
F. Bibliography
•mol Ϫ1 ͑29.1 cal•K Ϫ1
B. Comments
⌬ f G°͓CdCl ϩ ͑aq͔͒ was calculated incorrectly and that error was passed into the current values. Using ⌬ f G°͓CdCl ϩ ͑aq͔͒ ϭϪ220.20 kJ•mol Ϫ1 , ⌬ f G°͓CdCl 2 0 ͑aq͔͒ was calculated to be Ϫ355.15 kJ•mol Ϫ1 , 4.2 kJ•mol Ϫ1 different. Completing the calculation gives S°͓CdCl 2 0 ͑aq͔͒ ϭ107.6 J•K Ϫ1
•mol Ϫ1 , 14 J•K Ϫ1 •mol Ϫ1 different than the tabulated value.
Finally, it should be noted that the equilibrium constant is not large and so the thermodynamic properties for the association reaction are model dependent. Choices of values from different models and averages over models were performed.
C. Auxiliary Values Required for Data Pathway
⌬ f G°͓CdCl ϩ ͑aq͔͒; ⌬ f G°͓Cl Ϫ ͑aq͔͒ ⌬ f H°͓CdCl ϩ ͑aq͔͒; ⌬ f H°͓Cl Ϫ ͑aq͔͒ S°͓Cl 2 ͑g͔͒; S°͓Cd͑cr͔͒.
D. Other Thermodynamic Measurements Considered
None. 
E. More Recent Determinations of the
Finally, it should be noted that the equilibrium constant is not large and therefore the thermodynamic properties for the association reaction are model dependent. Choices of values from different models and averages over models were performed.
C. Auxiliary Values Required for Data Pathway
S°͓Cl 2 ͑g͔͒; S°͓Cd͑cr͔͒.
D. Other Thermodynamic Measurements Considered
None.
E. More Recent Determinations of the Thermodynamic Properties of CdCl 3
؊ "aq… 70PRO/WUL measured the enthalpy of reaction of an uncharacterized sample of CdOϩCd͑OH͒ 2 ϩ␥-Cd͑OH͒ 2 with an aqueous mixture of HCl and HClO 4 . The measurements were made with five different compositions of the acid mixture. From these measurements combined with equilibrium constant values reported by 53VAN/DAW, and various convoluted methods for finding nonideality effects, they calculated the standard enthalpy of reaction of •mol Ϫ1 ͒. The enthalpy of formation of cadmium oxide was calculated from the measured enthalpy of dissolution of cadmium oxide in sulfuric acid. Manipulation of that reaction's enthalpy with other measured enthalpies gave the enthalpy for the reaction: 
D. Other Thermodynamic Measurements Considered
The emf of the electrochemical cell: 22, 13.93, 14.61, 13.66, 14.23, 14.39, and 14.4 were taken from the compilation by 64SIL/MAR. An additional solubility product, 14.09, was taken from 64SPI/MAI. These values were each converted into the Gibbs energy of solution and the average taken to be 81. 38 The difference of these two values gave the entropy of formation which, when combined with the entropies of the elements, gave an entropy of 96 J•K Ϫ1
•mol Ϫ1 (23 cal•K Ϫ1
B. Comments
The heat capacity change for the reaction appears too large. Estimating the maximum heat capacity for Cd͑OH͒ 2 by the DuLong-Petit rule as 120 J•K Ϫ1
•mol Ϫ1 , recognizing an approximate cancelation of contributions from the Na ϩ and Br Ϫ aqueous ions on both sides of the reaction and using standard-state values for Cd ϩ2 ͑aq͒ and OH Ϫ ͑aq͒ ions of ϩ54 and Ϫ57 J
•mol Ϫ1 . Concentration effects for the aqueous ions would shift the Ϫ60 J•K Ϫ1
•mol Ϫ1 value to a less negative value which reduces the 180 J•K Ϫ1
•mol Ϫ1 value to a smaller value. Thus, their crossed out value for ⌬ r C p was more correct. The difference in ⌬ r C p causes a 0.5 kJ•mol Ϫ1 error in the 298.15 K enthalpy of reaction used in subsequent calculations. The enthalpy of formation used for NaOH͑200 H 2 O͒ Ϫ470.700 kJ•mol Ϫ1 ͑Ϫ112.50 kcal•mol Ϫ1 ͒ does not match the value given in the NBS Tables of Ϫ469.608 kJ•mol Ϫ1 . Using both of these changes and Eq. ͑1͒ gives an enthalpy of formation of Ϫ559.5 kJ•mol Ϫ1 , different by 1.6 kJ•mol Ϫ1 .
The standard deviation of the Gibbs energies of solution averaged above is approximately 1.3 kJ•mol Ϫ1 .
C. Auxiliary Values Required for Data Pathway
S°͓Cd͑cr͔͒; S°͓O 2 ͑g͔͒; S°͓H 2 ͑g͔͒.
D. Other Thermodynamic Measurements Considered
Also found on the sheets was: ''Cd͑OH͒ 2 ͑c͒ϭϪ113.2 ⌬H f ϭ(crossed out)Ϫ132.2 for aged, ͑illegible͒ ⌬S f ϭϪ63.7
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Sϭ28.9 eu This is high, if CdOϭ13.1.
The source of all but the first of these values was not listed.
29MAI measured the emf of the electrochemical cell: The Gibbs energy of formation was taken to be the unweighted average of the two values given above, namely Ϫ442.7 kJ•mol Ϫ1 (Ϫ105.8 kcal•mol Ϫ1 ).
B. Comments
In the treatment of multiple equilibria in solution, results one obtains for any particular species can depend on which species were assumed to exist in the solution. The studies described in section A assumed different distributions of species. It is possible that some of the differences in values observed above were due to the differences in assumed chemical models. Thus, the validity of statistical improvement due to averaging may be suspect.
C. Auxiliary Values Required for Data Pathway
⌬ f G m ‫ؠ‬ ͓Cd͑OH͒ 2 ͑cr͔͒.
D. Other Thermodynamic Measurements Considered
None. The Gibbs energy of formation was taken to be the unweighted average of the five values given above, namely Ϫ261.1 kJ•mol Ϫ1 (Ϫ62.4 kcal•mol Ϫ1 ).
E. More Recent Determinations of the
B. Comments
The standard deviation of the average used for the Gibbs energy is 5.6 kJ•mol Ϫ1 . In the treatment of multiple equilibria in solution, the results one obtains for any particular species can depend on which species were assumed to exist in the solution. The studies described in section A assumed different distributions of species. It is possible that some of the differences in values for CdOH ϩ ͑aq͒ observed above were due to the differences in assumed chemical models. Thus, the validity of statistical improvement due to averaging may be suspect.
C. Auxiliary Values Required for Data Pathway
⌬ f G°͓Cd͑OH͒ 2 ͑cr͔͒; ⌬ f G°͓Cd 2ϩ ͑aq͔͒ ⌬ f G°͓H 2 O͑l͔͒; ⌬ f G°͓OH Ϫ ͑aq͔͒.
D. Other Thermodynamic Measurements Considered
None. The solubility of Cd͑OH͒ 2 ͑cr͒ as a function of concentration of HClO 4 ͑aq͒ and NaOH͑aq͒ was measured by 57GAY/ WOO. They reported no value for, or assumption of, a distinct Cd͑OH͒ 3 Ϫ ͑aq͒. The value listed on the worksheet and attributed to this reference is only the sum of the properties of HCdO 2 Ϫ ͑aq͒ and H 2 O͑l͒.
E. More Recent Determinations of the
That value was Ϫ604.6 kJ•mol Ϫ1 (Ϫ144.5 kcal•mol Ϫ1 ).
The Gibbs energy of formation was taken to be the unweighted average of the two values given above, namely Ϫ600.8 kJ•mol Ϫ1 (Ϫ143.6 kcal•mol Ϫ1 ).
B. Comments
In the treatment of multiple equilibria in solution, the results one obtains for any particular species can depend on which species were assumed to exist in the solution. The studies described in section A assumed different distributions of species. It is possible that some of the differences in values observed above were due to the differences in assumed chemical models. Thus, the validity of any expected statistical improvement due to averaging may be suspect.
C. Auxiliary Values Required for Data Pathway
⌬ f G°͓Cd͑OH͒ 2 ͑cr͔͒; ⌬ f G°͓HCdO 2 Ϫ ͑aq͔͒; ⌬ f G°͓H 2 O͑l͔͒.
D. Other Thermodynamic Measurements Considered
None. ͑aq͒ of Ϫ761.9 kJ•mol Ϫ1 (Ϫ182.1 kcal•mol Ϫ1 ) was calculated.
E. More Recent Determinations of the
The Gibbs energy of formation was taken to be the unweighted average of the three values given above, namely Ϫ758.6 kJ•mol Ϫ1 (Ϫ181.3 kcal•mol Ϫ1 ).
B. Comments
In the treatment of multiple equilibria in solution, results one obtains for any particular species can depend on which species were assumed to exist in the solution. The studies described in section A assumed different distributions of species. It is possible that some of the differences in values observed above were due to the differences in assumed chemical models. Thus, the validity of any expected statistical improvement due to averaging may be suspect.
C. Auxiliary Values Required for Data Pathway
⌬ f G°͓Cd͑OH͒ 2 ͑cr͔͒; ⌬ f G°͓CdO 2 2Ϫ ͑aq͔͒; ⌬ f G°͓Cd 2ϩ ͑aq͔͒ ⌬ f G°͓OH Ϫ ͑aq͔͒; ⌬ f G°͓H 2 O͑l͔͒.
D. Other Thermodynamic Measurements Considered
E. More Recent Determinations of the Thermodynamic Properties of Cd"OH… 4 2؊
"aq… 91RAI/FEL measured the solubility of Cd͑OH͒ 2 ͑cr͒ as a function of pH and at low ionic strength ͓0.01 mol•kg Ϫ1 NaClO 4 ͑aq͔͒. The measurements were treated with a chemical equilibrium model that included precipitation of 
HCdO 2
؊ "aq…
A. Selected Values, NBS Tables
The ⌬ f G°value listed on the worksheet was the difference of the ⌬ f G°values of Cd͑OH͒ 3 Ϫ ͑aq͒ and H 2 O͑l͒. That value was Ϫ363.6 kJ•mol Ϫ1 (Ϫ86.9 kcal•mol Ϫ1 ).
B. Comments
The Gibbs energy of formation for HCdO 2 Ϫ ͑aq͒ calculated by the NBS Tables staff was the difference of values for  Cd͑OH͒ 3 Ϫ ͑aq͒ and H 2 O͑l͒. The value for HCdO 2 Ϫ ͑aq͒ was used for calculation of one of the ⌬ f G°for Cd͑OH͒ 3 Ϫ ͑aq͒. Thus, this is a circular pathway, resulting in values whose uniqueness does not really exist.
C. Auxiliary Values Required for Data Pathway
⌬ f G°͓Cd͑OH͒ 3 Ϫ ͑aq͔͒; ⌬ f G°͓H 2 O͑l͔͒.
D. Other Thermodynamic Measurements Considered
E. More Recent Determinations of the Thermodynamic Properties of HCdO 2
؊ "aq… None.
F. Bibliography
CdO 2 2؊
"aq…
A. Selected Values, NBS Tables
The ⌬ f G°value listed on the worksheet was the difference of the ⌬ f G°values of Cd͑OH͒ 4 2Ϫ ͑aq͒ and H 2 O͑l͒. That value was Ϫ284.5 kJ•mol Ϫ1 (Ϫ68.0 kcal•mol Ϫ1 ).
B. Comments
The value for CdO 2 2Ϫ ͑aq͒ was calculated by the NBS Tables staff as the difference of values for Cd͑OH͒ 4   2Ϫ ͑aq͒ and for 2H 2 O͑l͒. The so-calculated value for CdO 2 2Ϫ ͑aq͒ was then used for calculation of one of the ⌬ f G°values for Cd͑OH͒ 4 2Ϫ ͑aq͒. Thus, this is a circular pathway, resulting in values whose uniqueness does not really exist.
C. Auxiliary Values Required for Data Pathway
⌬ f G°͓Cd͑OH͒ 4 2Ϫ ͑aq͔͒; ⌬ f G°͓H 2 O͑l͔͒.
D. Other Thermodynamic Measurements Considered
E. More Recent Determinations of the Thermodynamic Properties of Cd"OH… 3
F. Bibliography
CdSO 4 0
"aq…
A. Selected Values, NBS Tables
No values given.
E. More Recent Determinations of the Thermodynamic Properties of CdSO 4 "aq…
77KAT gave equilibrium constants, determined from conductivity measurements, for the ion-association reaction •mol Ϫ1 , respectively. The ⌬ r G corresponds to (K a ϭ1000.0) They also gave association constants and thermodynamic properties for the complexation of two sulfate ions with two cadmium ions. We don't reproduce those values here.
81WAC/RIE measured enthalpies of dilution (⌬L ) for cadmium sulfate but did not report the measured values. They extracted an equilibrium constant and an enthalpy of association from their measurements by treating these quantities as parameters. In their model they also treated as a variable parameter the distance under which a pair of ions was defined as an ion pair. Using these three adjustable parameters and a Coulombic potential for free ions, they obtained ⌬ r GϭϪ13.57 kJ•mol Ϫ1 ͑from K a ϭ238.8͒ and ⌬ r H ϭ8.389Ϯ0.004 kJ•mol Ϫ1 .
69IZA/EAT titrated solutions of ͓͑CH 3 ͒ 4 N͔ 2 SO 4 ͑aq͒ into 0.02 M Cd͑ClO 4 ͒ 2 ͑aq͒ in a calorimetric vessel. Measured values were not given. They represented the nonideality of the free ions as a sum of an electrostatic contribution and an ionic-strength independent second virial coefficient of fixed value. Their ''log K'' value of 2.55 (K a ϭ355) for Eq. ͑1͒ gives ⌬ r GϭϪ14.56Ϯ0.06 kJ•mol Ϫ1 and they gave ⌬ r H ϭ4.10Ϯ0.17 kJ•mol Ϫ1 and ⌬ r Sϭ62.8Ϯ0.04 J•K Ϫ1
69BEC/GRU measured the enthalpy change for mixing Cd͑ClO 4 ͒ 2 ͑aq͒ with Na 2 SO 4 ͑aq͒ in 2 mol•l Ϫ1 NaClO 4 ͑aq͒ by means of a titration calorimeter. They gave thermodynamic parameters for the reaction Cd 2ϩ ͑aq͒ϩSO 4 2Ϫ ͑aq͒ϭCdSO 4 ͑aq͒ ͑ 3 ͒ as ''Kϭ4.3Ϯ0.2 l•mol Ϫ1 '' and ⌬ r Hϭ8.0Ϯ0.8 kJ•mol Ϫ1 . 38DAV from the treatment of conductivity measurements gave K a ϭ195 and thus ⌬ r GϭϪ13.07 kJ•mol Ϫ1 for Eq. ͑1͒.
72PIT used a multiple equilibrium model to analyze emf measurements from 31LAM/PAR and osmotic coefficients, probably from 59ROB/STO. The equilibrium constant soobtained was K a ϭ250, corresponding to ⌬ r G ϭϪ13.7 kJ•mol Ϫ1 for Eq. ͑1͒.
70LAR assumed from other literature sources an equilibrium constant for ion-pair formation, K a ϭ204, and treated the enthalpy of dilution measurements described in 33LAN/ MON to obtain an enthalpy change for ion-pair formation, Eq. ͑3͒, of (9.0Ϯ0.7) kJ•mol Ϫ1 . 
CdSO 4 "cr…
A. Selected Values, NBS Tables
B. Comments
80MAR/DOW demonstrated that thermal property measurements from Giauque's laboratory for both copper and aluminum bore similar discrepancies from more modern measurements. These discrepancies suggested the possibility of a systematic bias for measurements made with Giauque's calorimeter. If so, then the uncertainty assigned to the entropy of CdSO 4 ͑cr͒ should include this systematic effect. The cadmium sulfate sample was prepared by dehydration of precipitated crystals of the hydrate. 
C. Auxiliary Values
B. Comments
80MAR/DOW demonstrated that thermal property measurements from Giauque's laboratory for both copper and aluminum bore similar discrepancies from more modern measurements. These discrepancies suggested the possibility 
80MAR/DOW demonstrated that thermal property measurements from Giauque's laboratory for both copper and aluminum bore similar discrepancies from more modern measurements. These discrepancies suggested the possibility of a systematic bias for measurements made with Giauque's calorimeter. If so, then the uncertainty assigned to the entropy of CdSO 4 •͑H 2 O͒ 8/3 should include this systematic effect. 
C. Auxiliary Values Required for Data Pathway
CdCO 3 "cr…
A. Selected Values, NBS Tables
The Gibbs energy of formation was taken from the electrochemical cell measurements described by Saegusa ͑50SAE͒. The cell reaction was:
The emf for this cell was 1.1540 abs. V at 298.15 K. This value yields a standard-state Gibbs energy change for the reaction 
B. Comments
The heat capacity change for Eq. ͑3͒ is obviously wrong. ͑The crystal phase has a positive heat capacity and the electrolytes possess negative heat capacities. Thus, the heat capacity change for the reaction should be positive, not negative.͒ The enthalpies of formation used in the calculations for Na 2 CO 3 ͑800 H 2 O) and for Na 2 SO 4 ͑1600 H 2 O) do not match the values given in the NBS Tables ͑Ϫ1154.64 and Ϫ1388.52 kJ•mol Ϫ1 , respectively͒.
According to their own descriptions of their methods, the ⌬ f G°͓Ag 2 CO 3 ͑cr͔͒ value used by them for this calculation did not exist at the time they performed the calculation, yet there it was. Thus, the sequential method, with certain selected exceptions which they described, was not in agreement with their calculation for this substance.
C. Auxiliary Values Required for Data Pathway
⌬ f G°͓Cd͑Hg͔͒; ⌬ f G°͓Ag 2 CO 3 ͑cr͔͒ ⌬ f H°͓Na 2 SO 4 ͑1600 H 2 O͔͒; ⌬ f H°͓Na 2 CO 3 ͑800 H 2 O͔͒; ⌬ f H°͓CdSO 4 ͑800 H 2 O͔͒ S°͓Cd͑cr͔͒; S°͓C͑cr͔͒; S°͓O 2 ͑g͔͒.
D. Other Thermodynamic Measurements Considered
Several sets of measurements of the vapor pressure of CO 2 ͑g͒ over CdCO 3 ͑cr͒ were examined but were not included in the final analysis. These measurements are not in particularly good agreement with each other. They also require auxiliary high temperature thermodynamic properties to adjust from high temperature to 298.15 K; apparently these values were not thought to be well enough known to make a reliable adjustment. Additionally, in gas decomposition studies the establishment of true equilibrium introduces a complicating factor. The CO 2 ͑g͒ decomposition pressure studies were from 25AND, 63BER/KOV, 24CEN/AND, 27JAN, and 56BER/RAS. •mol Ϫ1 . 91RAI/FEL measured the solubility of cadmium in water as a function of pH, pCO 2 , and varying concentrations of Na 2 CO 3 ͑aq͒. These measurements were regressed with a chemical equilibrium model that accounted for hydrolysis reactions and ion-pairing reactions. The statistical treatment of the measurements required assumption of knowledge of thermodynamic properties of other reactions, including but not limited to cadmium hydroxides. The Gibbs energy of formation for CdCO 3 ͑aq͒ and Cd͑CO 3 ͒ 2 2Ϫ ͑aq͒ were also obtained from the treatment of the measured solubilities. From these measurements and calculations they obtained a 298.15 K standard-state Gibbs energy of the reaction, ͑aq͔͒ to obtain ⌬ f G°of Ϫ675.37 kJ•mol Ϫ1 . 77GOR/CHE measured decomposition pressures from 512 to 625 K. Results were in reasonably good agreement with the earlier measurements from 25AND. "cr… 91RAI/FEL measured the solubility of cadmium in water as a function of pH, pCO 2 , and varying concentrations of Na 2 CO 3 ͑aq͒. These measurements were regressed with a chemical equilibrium model that accounted for hydrolysis reactions and ion-pairing reactions. The statistical treatment of the measurements required assumption of knowledge of thermodynamic properties of other reactions, including but not limited to cadmium hydroxides. The Gibbs energy of formation for CdCO 3 0 ͑aq͒ and Cd͑CO 3 ͒ 2 2Ϫ ͑aq͒ were also obtained from the treatment of the measured solubilities. From these measurements and a combination with auxiliary values from the NBS Tables ͓Cd 2ϩ ͑aq͔͒ and from 84HAR/MOL ͓CO 3 2Ϫ ͑aq͔͒ they obtained ⌬ f G°͓CdCO 3 0 ͑aq͔͒ of Ϫ632.41 kJ•mol Ϫ1 .
74GAR gave a value of pKϭϪ4.02Ϯ0.04 for formation of CdCO 3 0 ͑aq͒, obtained by means of potential measurements with an ion-selective electrode.
76BIL gave a value of pKϭϪ3.5 for formation of CdCO 3 0 ͑aq͒, obtained by means of potential measurements made with stripping voltammetry. It has been said that 76BIL/HUS doubt the significance of CdCO 3 0 ͑aq͒. More correctly, 76BIL/HUS indicated that carbonate complex formation was less significant for cadmium than for some other metals at metal concentrations representative of ground water concentrations, i.e., an order of magnitude 10 Ϫ6 M.
Other similarly obtained values of pK fall within the range Ϫ3 -Ϫ5, see 93STI/PAR.
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Appendix
This appendix addresses several matters raised by reviewers.
Cancellation of errors. A reviewer disagreed with an introductory statement in which it was noted that the nature of a sequential analysis is such that errors in the properties for some species can be carried into the properties for other species further in the sequence. The reviewer stated ''This is misleading-in many cases the error cancels in the calculation of a process value and that ͑should͒ be pointed out.'' The reviewer also pointed to the specific case of the effect of a calculational error on the properties of the species CdCl 2 0 ͑aq͒ and CdCl 3 Ϫ ͑aq͒, and stated ''If the error appears on both sides of the reaction, the process will be alright; a 944 944 DONALD G. ARCHER statement to this effect should be made.'' The reviewer's point is true in a certain instance that is described here. It is not a useful claim for those attempting to calculate the speciations, or extents of reactions, in chemical systems; this is also described below. The reviewer is apparently implying that if one takes the reaction:
CdCl ϩ ͑aq͒ϩCl Ϫ ͑aq͒ϭCdCl 2 0 ͑aq͒ ͑ A1͒ and calculates ⌬ rxn G°that the correct value will be calculated because both ⌬ f G°values for CdCl ϩ ͑aq͒ and CdCl 2 0 ͑aq͒ possess the same value of error. This is true for calculation of the Gibbs energy of the reaction of Eq. ͑A1͒. However, and more importantly, the error does not ''cancel'' and, in fact, can have a large effect on the accuracy of calculated properties of the aqueous solution, or the calculated distribution of species, even if one of the processes is written as in Eq. ͑A1͒. This is shown next.
One is normally more interested in calculation of the amount of species found in the solution than in the value of a ⌬ r G°per se. The reviewer's pathway for calculation of the concentration of CdCl 2 0 ͑aq͒ in a solution containing chloride and cadmium ions is through the ⌬ r G ‫ؠ‬ value for Eq. ͑A1͒ and the corresponding equilibrium constant, K, for Eq. ͑A1͒:
Therefore, calculation of (CdCl 2 0 ), through the pathway of Eq. ͑A1͒, requires knowledge of the activity of CdCl ϩ ͑aq͒. The activity of CdCl ϩ ͑aq͒ is calculated from the Gibbs energy of reaction for: Cd 2ϩ ͑aq͒ϩCl Ϫ ͑aq͒ϭCdCl ϩ ͑aq͒ ͑ A3͒ and its associated equilibrium constant expression. As discussed under the section for CdCl ϩ ͑aq͒ the equilibrium constant for this reaction calculated from the Gibbs energies of formation would be about five times too large because of the apparent arithmetic error. Thus the value of (CdCl ϩ ) calculated from:
is four to five times too large for a dilute solution of aqueous cadmium chloride ͑ϳ1ϫ10 Ϫ4 mol•kg Ϫ1 CdCl 2 ͒. Incorporation of this too large value into Eq. ͑A2͒ results in a calculation of (CdCl 2 0 ) that would be too large also. Therefore, in the calculation of the solution behavior, the calculated activities of neither CdCl 2 0 ͑aq͒ nor CdCl ϩ ͑aq͒ would be correct, even through the reviewer's pathway, the error, does not ''cancel.'' Extension of the argument for CdCl 3 Ϫ ͑aq͒ is straightforward. That these errors do not cancel when calculating a property of the solution should also be expected through the simple observation that the calculated Gibbs energy of reaction of: Cd 2ϩ ͑aq͒ϩ2Cl Ϫ ͑aq͒ϭCdCl 2 0 ͑aq͒, ͑A5͒
would have to be incorrect because the arithmetic error affects the Gibbs energy of formation of only one side of Eq. ͑A5͒. Of course, Eqs. ͑A2͒ and ͑A4͒ are coupled to each other and this coupling involves additional calculation; how-ever, the coupling does not change the conclusion provided by this back-of-the-envelope heuristic demonstration, particularly so for very dilute solutions.
Mixing of models and averages over models. In descriptions of some of the species it was stated that values were chosen from different models and that, in some cases, an average of values over different models may have been performed. A reviewer questioned why these procedures would be noted by the author. This is discussed next.
When ion association is not strong, the values of equilibrium constants extracted from thermodynamic measurements depend strongly on the assumptions made regarding the nonideality models used. Consider the example MgSO 4 ͑aq͒ and values given by 71ISO. In this system it is often hypothesized that the following ion-pairing reaction occurs:
and thermodynamic properties for it are determined from some sort of thermodynamic measurements. In 71ISO, measured freezing temperatures of aqueous solutions of magnesium sulfate were reported and from them were calculated osmotic coefficients. Equilibrium constants were then extracted from the calculated osmotic coefficients assuming different values of the ion size parameter in a Debye-Hückel equation:
ln ␥ Ϯ ϭ͑ϪAz 2 I 1/2 ͒/͑ 1ϩBaI 1/2 ͒, ͑A7͒
where ␥ Ϯ is the activity coefficient of the solute ions, A is the Debye Hückel parameter for activity coefficient, z is the charge of the ions ͑2͒, I is the ionic strength of the solution, and B is a solvent-dependent constant. For each of the two values aϭ0.4 nm and aϭ0.6 nm, 71ISO reported an equilibrium constant for association, 77Ϯ3 and 143Ϯ10, respectively, from the same set of examined values. Both models (aϭ0.4 nm, Kϭ77; and aϭ0.6 nm, Kϭ143͒ represent the measurements, but each equilibrium constant has meaning only when taken in conjunction with its assumed nonideality model. If one merely extracts the value Kϭ77 from 71ISO, converts it into a Gibbs energy of reaction, and then tabulates a Gibbs energy of formation of MgSO 4 0 ͑aq͒ and does not also give the nonideality model, then it would be highly unlikely that somebody else could take that tabulated value and recalculate accurately the thermodynamic property of the solution, because that person would have to guess at which nonideality model might have been used to obtain the tabulated value. This is an example of the general problem. Now consider averaging the two values of the Gibbs energies of reactions, one from each of the two modelcalculated equilibrium constants, obtained above. One would then be taking the average of Ϫ10.77 kJ•mol Ϫ1 (Kϭ77) and Ϫ12.30 kJ•mol Ϫ1 (Kϭ143) and calculating ⌬ r G°ϭ Ϫ11.54 kJ•mol Ϫ1 . But this value corresponds to neither of the nonideality models and could not be later combined with either of them to calculate accurately the properties of the solution. Statistically, one calculates an average of independent observations of a random variable. Averaging across different models, as was just done, is equivalent to averaging 945 945 THERMODYNAMIC PROPERTIES OF CADMIUM COMPOUNDS different random variables, not averaging different observations of the same random variable, and to the best of the author's knowledge does not have a valid statistical basis.
Reaction stoichiometry. A reviewer objected to the writing of chemical reaction equations corresponding to measurements of enthalpies of solution typified by: CdCl 2 ͑cr͒ϭCdCl 2 ͑400 H 2 O͒. ͑A8͒
The reviewer stated that these written reactions are stoichiometrically unbalanced. Presumably, the reviewer believes such reactions should be written as:
CdCl 2 ͑cr͒ϩ͑400 H 2 O͒ϭCdCl 2 ͑400 H 2 O͒ ͑A9͒ similar to that given on page 2-27 of 82WAG/EVA. In both Eqs. ͑A8͒ and ͑A9͒, the information within parentheses refers to a state of the substance, not to the substance itself. Thus, in Eq. ͑A8͒, CdCl 2 ͑cr͒ denotes a substance, cadmium chloride, in a particular state, that of crystal. Similarly, CdCl 2 ͑400 H 2 O͒ refers to the same substance in a different state, an aqueous solution composed of 400 moles of water per mole of solute. The process measured is that of changing the state from one to the other. Thus, it necessarily follows that Eq. ͑A9͒ adds a state to a substance in a state to obtain the substance in the new state. But this is not the customary way of writing chemical reactions. For example, consider writing in the same way the reaction corresponding to measurement of a Joule-Thomson enthalpy due to the expansion of chlorine gas from 1 to 0.1 MPa. Using a methodology analogous to that used to write Eq. ͑A9͒, the reaction would then be written as:
Cl 2 ͑1.0 MPa͒ϩ͑Ϫ0.9 MPa͒ϭCl 2 ͑0.1 MPa͒. ͑A10͒
Equation ͑A10͒ is written in the same general way as Eq. ͑A9͒, namely, a state, or a change in state, has been added to a substance in one state to obtain the same substance in a new state. The only difference resides in the nature of the specific states. Since this is not the customary way of writing reactions, it has not been adopted in this article.
